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Abstract 
,QWKLVZRUNDFRQFHSWXDOGHVLJQRID3RZHUWR*DV3W*SURFHVVIRUVWRULQJHOHFWULFDOHQHUJ\LQIRUPRIV\QWKHWLFQDWXUDOJDV61*RIJDV
JULGTXDOLW\+LVSUHVHQWHG7KHFRPELQDWLRQZLWKDFRQYHQWLRQDOOLJQLWHILUHGSRZHUSODQW/33ZDVLQYHVWLJDWHGIRUSRVVLEOHLPSURYHPHQWRI
LWVHFRQRPLFSHUIRUPDQFHLQWLPHVRIIOXFWXDWLQJUHQHZDEOHHQHUJ\VXSSO\,QWKLVVWXG\IRUD3W*IDFLOLW\XVLQJ0:HORI/33QRPLQDO
FDSDFLW\DFDSLWDOH[SHQGLWXUH&$3(;RI0DQGRSHUDWLRQDO23(;RI0DZHUHHVWLPDWHG3W*SURYLGHVDJRRGDOWHUQDWLYH
IRU VWRULQJ VXUSOXV HOHFWULFDO HQHUJ\ DQG JXDUDQWHHLQJ D YLDEOH /33 RSHUDWLRQ LI WKH UHPXQHUDWLRQ IRU WKH IOH[LEOH RSHUDWLRQ LV DERYH 
NRSHUDWLQJKRXUUHVSHFWLYHO\RSHUDWLQJKRXU0:HOZKLFKLVDWOHDVWDGGLWLRQDORSHUDWLRQDO	PDLQWHQDQFH2	0FRVWVIRUD/33
:LWKGHFUHDVLQJDONDOLQHHOHFWURO\VLVFRVWVDQGDQLQFUHDVLQJVKDUHRIUHQHZDEOHHQHUJ\VXSSO\WKLVFRQFHSWZRXOGUHSUHVHQWDQHQHUJ\VWUDWHJLF
DVZHOODVHFRQRPLFDGYDQWDJHIRUHQHUJ\VXSSOLHUVLQIXWXUH

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI*+*7
Keywords:3RZHUWR*DV6DEDWLHUUHDFWLRQ&2K\GURJHQDWLRQ(QHUJ\VWRUDJHFRQFHSWV3HDNORDGVKDYLQJ
1.  Introduction 

)URPWRWKHDQQXDOHOHFWULFLW\JHQHUDWLRQLVH[SHFWHGWRJURZIURPWRWULOOLRQN:K5HQHZDEOHHQHUJ\VRXUFHV
DFFRXQW IRU FD  RI WKLV LQFUHDVH >@+DYLQJ D KLJKHU VKDUH RI UHQHZDEOH HQHUJLHV WKH FKDQFH RQ D WHPSRUDO VXUSOXV RI
HOHFWULFDOHQHUJ\LQFUHDVHVWUHPHQGRXVO\2QDVXQQ\DQGZLQG\GD\PRUHHOHFWULFLW\FDQEHJHQHUDWHGWKDQLVDFWXDOO\FRQVXPHG
,QFDVHWKHUHLVDKLJKORDGRIUHQHZDEOHHQHUJLHVLQWRWKHJULGDQGZKHQLWVLQSXWLVSULRULWL]HGE\UHJXODWLRQVHJLQ*HUPDQ\
DFFRUGLQJWRWKH5HQHZDEOH6RXUFHV$FW((*>@WKH/LJQLWHILUHG3RZHU3ODQW/33HOHFWULFLW\SURGXFWLRQKDVWREHUHGXFHG
WRILQDOO\LWVPLQLPXPRSHUDWLRQDOORDGZKLFKLVDERXWWRGHSHQGLQJRQWKHW\SHDQGDJHRI/33>@7KLVUHGXFWLRQRI
IXOOORDG RSHUDWLRQDO KRXUV OHDGV WR KLJKHU FRVW SHU XQLW RI HOHFWULFLW\ SURGXFHG $V D UHVXOW WKHUH LV DQ LQFUHDVLQJ QHHG IRU
LQGXVWULDOVL]HGVWRUDJHRIHOHFWULFHQHUJ\WRVWRUHWKHWHPSRUDU\VXUSOXV

The concept “PowerWRGas” (PtG), proposed by the German Federal Network Agency LQ>@LVDFKHPLFDOHQHUJ\VWRUDJH
FRQFHSWDQGXWLOL]HVWKHKLJKO\H[RWKHUPLF6DEDWLHUUHDFWLRQ&2+ļ CH+O; ǻH5 N-PROZKLFKDOUHDG\
GDWHVEDFNWRWKHEHJLQQLQJRIWKHWKFHQWXU\>@7KHPDLQDGYDQWDJHVRI3W*FRPSDUHGWRDOWHUQDWLYHVWRUDJHWHFKQRORJLHV


&RUUHVSRQGLQJDXWKRU
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VXFK DV PHFKDQLFDO RU HOHFWURFKHPLFDO FRQFHSWV SXPSHG K\GURHOHFWULF VWRUDJH UHGR[ IORZ EDWWHULHV FRPSUHVVHG DLU HQHUJ\
VWRUDJHHWFLVWKHKLJKHQHUJ\GHQVLW\RI&+DQGWKHKLJKVWRUDJHFDSDFLWLHVDQGDOUHDG\H[LVWLQJLQIUDVWUXFWXUHIRUGLVWULEXWLRQ
LHIRU*HUPDQ\7:KLQWKHQDWXUDOJDVJULG>@

,QRUGHUWRKHOS LPSURYH WKHYLDELOLW\RI/33VLQDJURZLQJUHQHZDEOHHQHUJ\PDUNHW WKH3W*SURFHVVLVXVHGWRVWRUHVXUSOXV
HOHFWULFDOHQHUJ\ IURPWKHHOHFWULFDOJULG LQWR WKHQDWXUDOJDVJULG7KHUHIRUH LQD W\SLFDOFDVHXVHGKHUHRI WKHHOHFWULFDO
EORFNFDSDFLW\RID/330:HORI0:HOWRWDOLVXVHGIRUK\GURJHQJHQHUDWLRQ&2LVVFUXEEHGIURPWKH/33IOXHJDVYLD
D FRQYHQWLRQDO PRQRHWKDQRODPLQH 0($ SURFHVV DQG WKH SURGXFHG KHDW RI WKH 6DEDWLHU UHDFWLRQ LV XWLOL]HG IRU UXQQLQJ WKH
UHERLOHURIWKHDPLQHVROYHQWUHJHQHUDWRU([FHVVKHDWIURPWKH6DEDWLHUUHDFWLRQLVUHLQWHJUDWHGWRWKH/33WRLQFUHDVHLWVSURFHVV
HIILFLHQF\

7KLVZRUN VKRZV WKH UHVXOWV RID FRQFHSWXDOGHVLJQVWXG\ DQG WHFKQRHFRQRPLFHYDOXDWLRQRI LQWHJUDWLQJD3W*SURFHVV LQWRD
/33$WHFKQLFDOUHSUHVHQWDWLRQRID3W*SURFHVVLQWHJUDWHGZLWKWKH/33LVJLYHQLQ)LJXUH
)LJXUH7HFKQLFDOLQWHUDFWLRQRIWKH/33ZLWKWKH3W*SURFHVV
ĹDQGĻLQGLFDWHKLJKRUORZLQFRQFHQWUDWLRQV47+ 7KHUPDOHQHUJ\4(/ (OHFWULFDOHQHUJ\

2.  Research Approach 

7KHPHWKRGRORJ\XVHGZDVEDVHGRQ WKH LQWHJUDODSSURDFKGLVFXVVHG LQ6HLGHUHW DO >@7KHGHVLJQPHWKRGRORJ\FRQVLVWVRI
WKUHHPDMRU LWHUDWLYH SDUWV 3DUW , 3UREOHP GHILQLWLRQ 3URFHVV FUHDWLRQ DQG%DVH FDVH FUHDWLRQ GHDOVZLWK WKH EDVLFV IRU WKH
SURFHVVFUHDWLRQDQGFROOHFWLQJDOUHDG\DYDLODEOHLQIRUPDWLRQ6LPSOHVLPXODWLRQPRGHOVDUHLQYROYHGDQGHFRQRPLFFKHFNVHJ
JURVV SURILW DQDO\VLV JXDUDQWHH WKHYLDELOLW\ RI WKH SURFHVV3DUW ,,'HWDLOHG SURFHVV V\QWKHVLV'HSHQGLQJ RQZKHWKHU LW LV D
FRQWLQXRXVRUDEDWFKSURFHVVWKLVVWHSLQYROYHVFUHDWLQJFKHPLFDOUHDFWLRQDQGVHSDUDWLRQQHWZRUNVDQGLWVRSWLPDOVHTXHQFH$W
WKH HQG RI WKLV VWDJH DW OHDVW RQH SURPLVLQJ RSWLRQ LV VHOHFWHG IRU 3DUW ,,, 7KLV LQFOXGHV WKH HTXLSPHQW VL]LQJ D &$3(;
RSHUDWLRQDOH[SHQGLWXUH23(;HVWLPDWLRQDQGLWVDQDO\VLV

7UDQVIHUUHGWRWKLVSURMHFWWKHRSWLPDOSURFHVVGHVLJQLVLQIOXHQFHGE\DYDULHW\RILQSXWSDUDPHWHUV7KHVHFDQEHVHHQLQ)LJXUH


)LJXUH)LVKERQHGLDJUDPRILQIOXHQFLQJSDUDPHWHUVIRUWKHRSWLPDOGHVLJQRID3W*SURFHVV
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7HFKQLFDOGDWDZDVREWDLQHGIURPDSURFHVVPRGHOEXLOWLQWKHSURFHVVIORZVKHHWLQJVRIWZDUHWRRO$VSHQ3OXV5HTXLUHGSURFHVV
FRQGLWLRQV IURP D UHSUHVHQWDWLYH OLJQLWH ILUHG SRZHU SODQW /33 ZHUH PDGH DFFHVVLEOH E\ D FRRSHUDWLQJ HQHUJ\ VXSSOLHU LQ
*HUPDQ\IRUWKHHYDOXDWLRQRILQWHJUDWLQJWKH3W*7KHFDSDFLW\RIV\QWKHWLFQDWXUDOJDV61*SURGXFWLRQZDVVHWDWWKRI
TXDOLW\ + DFFRUGLQJ WR *HUPDQ JDV VSHFLILFDWLRQV IRU WKH :REEH ,QGH[ VHH $SSHQGL[ $ ZKLFK LV HTXLYDOHQW ZLWK WKH
SURGXFWLRQ RI  0:HO 'HWDLOHG UHDFWRUSDUWLFOH VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ 0DWODE DQG FRPSDUHG ZLWK GDWD IURP
H[SHULPHQWDOFDWDO\VWVWXGLHV$OOEDVLFHFRQRPLFGDWDZHUHHLWKHUREWDLQHGIURPOLWHUDWXUHFRUUHODWLRQVRUJLYHQE\ WKHHQHUJ\
VXSSOLHU
3. Conceptual design
$OOFRQFHSWXDOGHVLJQRSWLRQVVWDUWLQJIURP&2DQG+ZHUHZRUNHGRXWEDVHGRQWKHSDUDPHWHUVJLYHQLQ7DEOH(OHFWULFDO
HQHUJ\ LV VXSSOLHG IURP WKH /33 DQG D FRQVHUYDWLYH VSHFLILF HQHUJ\ FRQVXPSWLRQ RI  N:K1PRI + IRU SURGXFWLRQ YLD
HOHFWURO\VLV LVDVVXPHG7KLVPDNHV LWSRVVLEOH WRFRPSXWH WKHDPRXQWRIK\GURJHQSURGXFHG DQGEHLQJDYDLODEOHSHUKRXU ,Q
)LJXUHWKHRYHUDOOEODFNER[PRGHOLVSUHVHQWHG5HVSHFWLYHJDVGHQVLWLHVRIK\GURJHQILUVWVHOHFWLRQLVDWS EDU7 &
ZHUHWDNHQIURPWKH$VSHQPropertyAnalyzerZKLFKLVUHTXLUHGIRUGHWHUPLQLQJWKH:REEH,QGH[

)RU WKH6DEDWLHU UHDFWLRQ WRSURGXFHPHWKDQHE\VWRLFKLRPHWU\ WKHPRODU UDWLRRI+&2 LV IRXU+\GURJHQ LVVXSSOLHGYLDDQ
DONDOLQHHOHFWURO\VLVDQGFDUERQGLR[LGHIURPWKHUHJHQHUDWRURIDFRQYHQWLRQDO0($&2VFUXEEHUDWUHVSHFWLYHFRQGLWLRQV>@
$KLJKSUHVVXUHDONDOLQHHOHFWURO\VLVZDVVHOHFWHG
7DEOH8VHGSURFHVVSDUDPHWHUVIRUFRQFHSWXDOGHVLJQRIWKH6DEDWLHUSURFHVV
Parameter Unit Reference 
Electric energy available  0: RI/33EORFNFDSDFLW\
Specific energy consumption 
electrolysis 
 N:K1P+ (OHFWURO\VLV>@
Molar H2/CO2 ratio   
Inlet conditions H2  EDU& >@
Inlet conditions CO2  EDU& >@


)LJXUH%ODFNER[PRGHOIRUWKH3W*SURFHVVDWFRQYHUVLRQ
7KUHHGLIIHUHQWFRQFHSWXDO UHDFWRUGHVLJQRSWLRQVLVRWKHUPDODGLDEDWLFDQGPL[HGFRQILJXUDWLRQZHUHHYDOXDWHGZLWK IRU WKLV
DSSURDFK7HPSHUDWXUHFRQGLWLRQVZHUHFKRVHQDFFRUGLQJWRNQRZQORZHUDQGXSSHURSHUDWLQJERXQGDULHVDVSUHVHQWHGLQ7DEOH
,WVKRZVWKDWWHPSHUDWXUHVFDQQRWEHWRRORZ&EHFDXVHRIWKHWRRORZFDWDO\VWDFWLYLW\DQGIRUSRVVLEOHQLFNHOFDUERQ\O
IRUPDWLRQZKHQXVLQJ1LFNHOEDVHGFDWDO\VWV\VWHPVDQGWKH\FDQQRWEHWRRKLJK!&GXHWRWKHXQIDYRXUDEOHFKHPLFDO
HTXLOLEULXP DQG RWKHU DVSHFWV VXFK DV SRVVLEOHPHWKDQH GHFRPSRVLWLRQ %DVHG RQ WKH “Le Chatelier’s Principle” the reaction 
HTXLOLEULXPSRVLWLRQVKLIWV WR WKHSURGXFW VLGHDWKLJKSUHVVXUHV+RZHYHUGXH WR WKHKLJKFRVWRIK\GURJHQFRPSUHVVLRQDQG
SRVVLEOHPXOWLSKDVHIRUPDWLRQZDWHUFRQGHQVDWLRQLQWKHUHDFWLRQV\VWHPWKLVIDFWRUZDVOLPLWHGWREDUV7KLVQXPEHUZDV
IRXQGE\WKHVLPXODWLRQRIWKH6DEDWLHUUHDFWLRQLQDVLQJOHRGibbsUHDFWRUIRUDOOFRPELQDWLRQVRISUHVVXUHVEHWZHHQEDUV
DQGWHPSHUDWXUHVRI&
7DEOH7HPSHUDWXUHLQIOXHQFHVRXWVLGHGHVLUHGWHPSHUDWXUHUDQJH>@
Low temperature (<200°C) High temperature (>400°C) 
1LFNHOFDUERQ\OIRUPDWLRQ 0HWKDQHGHFRPSRVLWLRQ!YRO
&DWDO\VWLVQRWDFWLYH ([SHQVLYHFRQVWUXFWLRQPDWHULDOV!!&
 0HWKDQHIRUPDWLRQOHVVIDYRXUDEOH
.HT!&.HT&
 &DWDO\VWVLQWHULQJUHGXFWLRQRIDFWLYHVLWHV!!&

)RUHYDOXDWLRQRIGLIIHUHQWUHDFWRUFRQILJXUDWLRQVDQG–FRQGLWLRQV$VSHQ3OXVZDVXVHGDVVLPXODWRUDQGWKHSURSHUW\SDFNDJH
*(5**URXSH(XURSpHQGH5HFKHUFKHV*D]LqUHVZDVDSSOLHGZKLFKLVDQLQWHUQDWLRQDOVWDQGDUG,62IRUQDWXUDO
JDVDSSOLFDWLRQV LQFOXGLQJSURFHVVLQJWUDQVSRUWDWLRQDQGVWRUDJH >@ ,QFOXGHGFRPSRXQGVDUHFDUERQGLR[LGH&2FDUERQ
PRQR[LGH&2K\GURJHQ+ZDWHU+2DQGPHWKDQH&+$VWKHFDWDO\VWDQGUHVSHFWLYHNLQHWLFGDWDZDVQRWVHOHFWHGDW
WKLV VWDJH WKHRGibbs DQGRStoic UHDFWRUZHUH XVHG LQ WKH ILUVW VWDJHV RI WKH SURFHVV V\QWKHVLVRGibbs LWHUDWLYHO\ FDOFXODWHV
FKHPLFDODQGSKDVHHTXLOLEULXPE\PLQLPL]LQJ WKH*LEEV IUHHHQHUJ\RI WKHV\VWHP >@ZKHUHDVRStoicFDOFXODWHV WKHRXWOHW
Black Box
CO2
~7.5 t/h
H2
~1.4 t/h
CH4
~2.7 t/h
H2O
~6.2 t/h
7996   O.S. Buchholz et al. /  Energy Procedia  63 ( 2014 )  7993 – 8009 
FRQFHQWUDWLRQVEDVHGRQDJLYHQFRQYHUVLRQDQGUHDFWLRQVWRLFKLRPHWU\,WZDVHQVXUHGWKDWWKHILQDOSURGXFWRIWKHSURFHVVZDV
DOZD\V61*RITXDOLW\+

,Q /DODQFHWWH HW DO >@ LW ZDV UHSRUWHG WKDW VROLG FDUERQ IRUPDWLRQ FDQ WDNH SODFH GXULQJ WKH PHWKDQDWLRQ SURFHVV ZKLFK
GHDFWLYDWHVWKHDFWLYHFHQWHUVRIWKHFDWDO\VWDQGOHDGVWRXQGHVLUHGE\SURGXFWVVXFKDVFDUERQ\OV ,QWKLVVWXG\SRVVLEOHVROLG
FDUERQIRUPDWLRQZDVHYDOXDWHGZLWKWKH$VSHQ3OXVRGibbsPRGHODQGIRXQGWREHDEVHQWDWWKHXVHGSURFHVVFRQGLWLRQV

:KHQRQO\ ORRNLQJDW WKHHTXLOLEULXPSRVLWLRQIRUPHWKDQHIRUPDWLRQKLJKSUHVVXUHVDQGORZWHPSHUDWXUHVDUHIDYRXUDEOH$V
WKH:REEH,QGH[LVDIXQFWLRQRIKHDWLQJYDOXHVDVZHOODVJDVGHQVLWLHVDWS DWP7 &LWLVQHFHVVDU\WRLQYHVWLJDWHWKH
IXOOUDQJHRIRSHUDWLQJFRQGLWLRQVVLQFHXQUHDFWHGK\GURJHQPD[YROFRXOGJLYHDKXJHFRQWULEXWLRQWRWKH:REEHLQGH[
GXHWRLWVH[WUHPHO\ORZGHQVLW\7DEOHVKRZVWKHPDLQSDUDPHWHUVIRUDQLVRWKHUPDODVZHOODVDGLDEDWLFUHDFWRUFRQILJXUDWLRQ

)URPWKHVLPXODWLRQV LW LVVKRZQWKDWHLWKHU WZR LVRWKHUPDORUVHYHQDGLDEDWLF UHDFWRUV LQVHULHV LQFOXGLQJ LQWHUPHGLDWHZDWHU
VHSDUDWLRQZHUHQHHGHGWRUHDFKWKHUHTXLUHGORZHUDQGKLJKHU:REEH,QGH[RIQDWXUDOJDVTXDOLW\+7KHGLIIHUHQFHEHWZHHQ
WKHLVRWKHUPDODQGDGLDEDWLFFRQFHSWVDULVHVIURPWKHKLJKKHDWRIUHDFWLRQDQGWKHWHPSHUDWXUHUHVWULFWLRQWR&7KHUHIRUH
the reaction has to be “stopped” at this temperature, cooled down/water split off EHIRUHWKHUHDFWLRQFDQEHUHVWDUWHGLQWKHQH[W
XQLW$PL[HGFRQILJXUDWLRQDOVRUHTXLUHVWZRUHDFWRUVLQVHULHV)LQDOO\WKHLVRWKHUPDORSWLRQZDVVHOHFWHGDVRSWLPDOHVSHFLDOO\
GXHWRWKHORZQXPEHURIHTXLSPHQW
7DEOH0DLQSDUDPHWHUVIRUERWKUHDFWRUFRQILJXUDWLRQVLVRWKHUPDODVZHOODVDGLDEDWLF
Isothermal Adiabatic  
Reactor model Aspen RGibbs RStoic 
Reactions/Products 3URGXFWV&2&2+2&++ 6DEDWLHUUHDFWLRQ
Temperature / °C  
Pressure / bar  

,Q )LJXUH  D VLPSOLILHG VFKHPH RI WKH$VSHQPRGHO XVHG WR DQDO\]H WKH DGLDEDWLFLVRWKHUPDO DQGPL[HG UHDFWRUVHTXHQFH LV
JLYHQ2QHDQGWZRRGIBBSUHDFWRUVDUHDQDO\]HGDWDVHWRIRSHUDWLQJFRQGLWLRQVIRULVRWKHUPDOFRQGLWLRQV+HDWLQJFRROLQJRU
SUHVVXUH FKDQJLQJ HTXLSPHQW LV QRW FRQVLGHUHG DW WKLV VWDJH ,Q UHDOLW\ WKH SURGXFW JDV VWUHDPV QHHG WR EH FRROHG WR WKH
FRQGHQVDWLRQWHPSHUDWXUH)RUDOORSWLRQVZDWHUVHSDUDWLRQZDVDOZD\VDVVXPHGWRKDYHDVHSDUDWLRQHIILFLHQF\RI$IWHU
HDFKZDWHUVHSDUDWLRQWKHJDVVWUHDPLVDQDO\]HGDFFRUGLQJWRLWVORZHUDQGKLJKHU:REEH,QGH[


)LJXUH3)'RIXVHG$VSHQ3OXVPRGHOWRREWDLQWKHQXPEHURIUHDFWRUVDQGWKHRSWLPDORSHUDWLQJFRQGLWLRQVIRULVRWKHUPDOUHDFWRUV
Process indicator "1" and “2” give the location where respective Wobbe indices have been FDOFXODWHG
6LQFHWKH6DEDWLHUUHDFWLRQLVH[WUHPHO\H[RWKHUPLF¨+U 165 kJ/mol, ¨TDG .KHDWLQWHJUDWLRQLVHVVHQWLDODQGDOUHDG\
H[DPLQHG DW WKLV VWDJH RI SURFHVV GHVLJQ ,Q WRWDO a0:RI H[FHVV KHDW QHHGV WR EH UHPRYHG IURP WKH UHDFWLRQ )RU WKH
DGLDEDWLF FRQILJXUDWLRQ WKHUHIRUH D FDVFDGH RI VHYHQ UHDFWRUVHSDUDWRUV ZDV QHHGHG WR IXOILO DOO FULWHULD ZKHUHDV WZR ZHUH
VXIILFLHQWDWLVRWKHUPDORSHUDWLRQ

7KHUHDUHVHYHUDODVSHFWVSOD\LQJDUROHLQWKLVDQDO\VLV
x &RPSOH[LW\,VLWQHFHVVDU\WRIRUPDFRPSOH[KHDWLQWHJUDWLRQQHWZRUNLQRUGHUWRVDYHKHDWLQJDQGFRROLQJXWLOLWLHV"
x &RQWUROODELOLW\(VSHFLDOO\UHOHYDQWIRUG\QDPLFSODQWVKDYLQJSURFHVVWRSURFHVVKHDWH[FKDQJHUQHWZRUNV+(1>@
x 1XPEHURIXQLWV(IIHFWRQRSHUDWLRQDQGPDLQWHQDQFH2	0DQGLQYHVWPHQWFRVWV&$3(;"

+HDW LQWHJUDWLRQ ZDV VWXGLHG E\ DSSO\LQJ WKH 3,1&+ PHWKRG XVLQJ WKH VRIWZDUH WRRO +,17 9 >@ ZKLFK ZDV ILUVW
LQWURGXFHGE\/LQQKRIIDQG+LQGPDUVK>@7KHPLQLPXPQXPEHURIKHDWH[FKDQJHUVPLQLPXPUHTXLUHGKHDWLQJDQGFRROLQJ
XWLOLWLHV FDQ EH REWDLQHG IRU DOO GLIIHUHQW SURFHVV RSWLRQVZKLFK KHOSV WR FKRRVH WKH RSWLPDO RQH%\ KDYLQJ DOO WKHPDVV DQG
HQHUJ\EDODQFHVRIWKHWKUHHSURFHVVRSWLRQVHFRQRPLFLPSOLFDWLRQVFDQEHREWDLQHGZLWKWKHXVHRIWKHOverall factor methodE\
/DQJ>@

$OORIWKHWKUHHSURFHVVRSWLRQVLVRWKHUPDODGLDEDWLFDQGPL[HGFRQILJXUDWLRQZHUHMXGJHGE\XVLQJDPXOWLSOHFULWHULDDQDO\VLV
Reactor 1
H2
CO2
H2O separation
1
Reactor 2
H2O separation
SNG
2
 O.S. Buchholz et al. /  Energy Procedia  63 ( 2014 )  7993 – 8009 7997
$VSHFWVLQWKLVDQDO\VLVZHUH&$3(;2	0QXPEHURIHTXLSPHQWRSHUDELOLW\FRQWUROODELOLW\PDWXULW\RIWHFKQRORJ\VDIHW\
DQGIOH[LELOLW\(DFKDVSHFWZDVJLYHQDZHLJKWLQJIDFWRUDFFRUGLQJWRLWVLPSRUWDQFHWRWKHSURFHVV

7KH:REEH ,QGH[SURILOHV IRU WKH LVRWKHUPDORSWLRQDWYDU\LQJSURFHVVSDUDPHWHUVDUH JLYHQ LQ )LJXUH ,W FDQEHFRQFOXGHG
IURP WKH OHIW KDQG VLGH WKDW RQH VLQJOH UHDFWRU LV QRW VXIILFLHQW WR SURYLGH JDV TXDOLW\ + :REEH ,QGH[ EHWZHHQ 
N:KP,QWKLVUHDFWRUWKHVHQVLWLYLW\WRZDUGVDQLQFUHDVHLQSUHVVXUHLVKLJKFRPSDUHUHGZLWKEODFNOLQHV

)LJXUH:REEH,QGH[FDOFXODWHGDWSRLQWDQGVHH)LJXUHDVDIXQFWLRQRIUHDFWRUWHPSHUDWXUH*UHHQOLQHVLQGLFDWHWKH:REEH,QGH[ERXQGDULHVIRUJDV
TXDOLW\+/HIW/RZHUDQGXSSHU:REEH,QGH[DWS5HDFWRU EDUEODFNDQGS5HDFWRU EDUUHGDVDIXQFWLRQRIWKHWHPSHUDWXUHRI5HDFWRU+&2 5LJKW
/RZHUDQGXSSHU:REEH,QGLFHVDWS5HDFWRU EDUS5HDFWRU EDU75HDFWRU &UHGDQG75HDFWRU &EODFNDVDIXQFWLRQRIWKHWHPSHUDWXUHRI5HDFWRU
'DVKHGOLQHV+&2 VROLGOLQHV+&2 
*DVTXDOLW\+LVUHDFKHGZLWKDVHFRQGUHDFWRUDIWHUZDWHUVHSDUDWLRQ ,QWKLVUHDFWRUQRVHQVLWLYLW\IRUSUHVVXUHVXSWREDUV
ZDV IRXQGZKHUHDV WHPSHUDWXUH FRPSDUH OLQH FRORXUV DQG+&2 IHHG UDWLR FRPSDUH GDVKHGZLWK VROLG OLQHV KDG D FOHDU
LQIOXHQFH RQ WKH:REEH ,QGH[:KHQ Reactor 1 LV RSHUDWHG DW  EDUV DQG & WKLV VSHFLILFDWLRQ FRXOG QRW EH PHW IRU
WHPSHUDWXUHVRI!&LQReactor 2QRWVKRZQKHUH:KHQFKDQJLQJWKHPRODUUDWLRRI+&2DWLQOHWFRQGLWLRQVDFKDQJHLQ
:REEH ,QGH[ ZDV REVHUYHG EXW QRW VLJQLILFDQWO\ HQRXJK WR VHOHFW DQ LQFUHDVHGPRODU UDWLR ,Q RUGHU WR IXOILOO JDV TXDOLW\ +
VSHFLILFDWLRQVWZRUHDFWRUVLQVHULHVQHHGWREHDSSOLHG7KHVHOHFWHGRSHUDWLQJUDQJHIRUReactor 1DQG2LQFOXGHS EDUDQG
&7&DQGWKHPRODUUDWLR+&2LVIRXU

4. Methanation reactor 
7KHFRUHRIWKHSURFHVV WKHPHWKDQDWLRQUHDFWRUZDVGHVLJQHGDVDFRROHGWXEXODUIL[HGEHGUHDFWRUDQGPRGHOOHGDWGLIIHUHQW
OHYHOVRIGHWDLO'SVHXGRKRPRJHQRXV'KHWHURJHQHRXVDQG'SVHXGRKRPRJHQHRXV$NLQHWLFUDWHH[SUHVVLRQE\/XQGH
HW DO >@ ZKR XVHG D 5X ZW$O2 KHWHURJHQHRXV FDWDO\VW ZDV VHOHFWHG 7KLV IRUPXODWLRQUHSUHVHQWDWLYH FDWDO\VW ZDV
FKRVHQGXHWRLWVKLJKDFWLYLW\DWORZWHPSHUDWXUHV&,WLVLPSRUWDQWEHFDXVHWKHDLPLVWRXWLOL]HWKHKHDWRIUHDFWLRQ
IRU KLJK SUHVVXUH VWHDP SURGXFWLRQ ZKLFK FDQ HLWKHU EH XVHG LQ WKH /33 RU WR UXQ WKH 0($ UHJHQHUDWRU 3UHVVXUHV DQG
WHPSHUDWXUHVRIXWLOLWLHVZHUH VHOHFWHGEDVHGRQJLYHQFRQGLWLRQV LQ WKH /337KH UHDFWRUZDV VLPXODWHGDW LQOHW FRQGLWLRQVRI
S EDUDQG7 &5HDFWRUFRROLQJZDVSHUIRUPHGDW7 &E\SURGXFLQJEDUVWHDP

'LIIHUHQW OHYHOV RI GHWDLOHG UHDFWRUPRGHOVZHUH EXLOW IRU VHSDUDWHSXUSRVHV7KH'SVHXGRKRPRJHQRXV UHDFWRUPRGHOZDV
FUHDWHGIRUILUVWUHDFWRUGHVLJQDVSHFWVDQGGLGQRWLQFOXGHWUDQVSRUWDQGUHDFWLRQSKHQRPHQDDWDFDWDO\VWSDUWLFOHOHYHO7KLVZDV
WKHQ DGGHG LQ WKH ' KHWHURJHQHRXV PRGHO +HDW DQGPDVV GLIIXVLRQ HIIHFWV ZHUH LQFOXGHG DQG WKH QXPHULFDO HIIHFWLYHQHVV
IDFWRU ȘQXP HYDOXDWHG DW HDFK QXPHULFDO HOHPHQW LQ WKH UHDFWRU7KLVPRGHOPRUH DFFXUDWHO\ FRPSXWHG WKH D[LDO WHPSHUDWXUH
SURILOHVLQVLGHWKHUHDFWRUZKLFKZDVFUXFLDOIRULWV ILQDOGHVLJQ7KH'SVHXGRKRPRJHQHRXVUHDFWRUZDVGHYHORSHGIRUWKH
HVWLPDWLRQRIUDGLDOWHPSHUDWXUHSURILOHVDWGLIIHUHQWUHDFWRUFRQGLWLRQVDQGGLPHQVLRQV7KHDQDO\VLVRILWFRQFOXGHGWKDWWKH'
KHWHURJHQHRXVUHDFWRUPRGHOVXIILFHVWRFDOFXODWHGLPHQVLRQVRIDQGWHPSHUDWXUHSURILOHVLQVLGHWKHUHDFWRUZLWKKLJKDFFXUDF\DW
WKHILUVWGHVLJQVWDJH

2SHUDWLQJFRQGLWLRQVZHUHDGMXVWHGLQRUGHUWRIXOILOWKHUHTXLUHPHQWVIRUDPD[LPXPWHPSHUDWXUHLQVLGHWKHUHDFWRUWXEHDQGWKH
GHVLUHG:REEH,QGH[IRUWKHSURGXFWVWUHDP5HVXOWVIRUFRQFHQWUDWLRQWHPSHUDWXUHDQG:REEH,QGH[SURILOHVH[FOXGLQJZDWHU
ZLWKDUHPRYDOHIILFLHQF\RILQReactor 1DQGReactor 2DUHVKRZQLQ)LJXUH

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)LJXUHDEF5HVXOWVRIWKH'KHWHURJHQHRXVUHDFWRUPRGHOIRU5HDFWRU)LJXUHGHI5HVXOWVIRUWKH'KHWHURJHQHRXV
UHDFWRUPRGHOIRU5HDFWRU8VHGSURFHVVSDUDPHWHUVDUHJLYHQLQ7DEOH
7RS$[LDOFRQFHQWUDWLRQSURILOHV0LGGOH$[LDOWHPSHUDWXUHSURILOH%RWWRP$[LDO:REEH,QGH[SURILOH
3URFHVV SDUDPHWHUV DUH VKRZQ LQ 7DEOH  DQG RXWOHW FRPSRVLWLRQ IRU ERWK UHDFWRUV LQ 7DEOH  ,W FDQ EH VHHQ WKDW WKHUH LV D
WHPSHUDWXUHH[FXUVLRQWRa.LQWKHILUVWUHDFWRU$WWKLVORFDWLRQHLWKHUDOHVVDFWLYHFDWDO\VWKDVWREHXVHGRUWKHFDWDO\VWEHG
KDVWREHGLOXWHGZLWKTXDUW]7KHGHFUHDVHLQRYHUDOOPRODUFRQFHQWUDWLRQDWWKLVORFDWLRQLVGXHWRWKHWHPSHUDWXUHHIIHFW+HUH
WKH:REEH,QGH[DQGWKHPHWKDQHFRQFHQWUDWLRQVKRZLWVVWHHSHVWLQFUHDVH7KHK\GURJHQFRQYHUVLRQLQReactor 1LVZLWK
ORZHUWKDQWKDW LQReactor 2,EXWWKHWHPSHUDWXUHHIIHFWLQReactor 1 LVPXFKKLJKHUGXHWRWKHDPRXQWRIKHDWUHOHDVHG(YHQ
WKRXJKWKH:REEH,QGH[VSHFLILFDWLRQLVDOUHDG\UHDFKHGDIWHUaPLQReactor 2DFRQVHUYDWLYHOHQJWKRIPZDVVHOHFWHG
LGHQWLFDOWRWKHOHQJWKRIReactor 1
7DEOH3URFHVVSDUDPHWHUVIRUUHDFWRUGHVLJQEDVHGRQWKH'KHWHURJHQHRXV
UHDFWRUPRGHO'V 6KHOOGLDPHWHUUHDFWRU
Process/Design parameter Reactor 1 Reactor 2 
GW>LQFKPP@  
XV>PV@  
/>P@  
7LQ>.@  
7FRRO>.@  
+FRQYHUVLRQ>@  
7RWDOPDVVIORZLQOHW>NJV@  
0DVVIORZSHUWXEH>NJV@  
1XPEHURIWXEHV>@  
3UHVVXUHGURS>EDU@  
'V>PP@  

7DEOH2XWOHWPRODUIURP5HDFWRUDQG:+/ 
+LJKHU/RZHU:REEH,QGH[
Outlet molar 
fraction [-] 
Reactor 1 Reactor 2 
&2  
+  
&+  
+2  
  
After condensation
:+  
:/  


:KHQFRPSDULQJWKHGDWDREWDLQHGIURPWKH'KHWHURJHQHRXVPRGHOWRWKH'SVHXGRKRPRJHQRXVFDVHLWZDVVHHQWKDWWKH
LQFOXVLRQRIKHDWDQGPDVVWUDQVIHUOLPLWDWLRQVKDVDQLQIOXHQFHRQSURFHVVFRQGLWLRQVDQGFRQVHTXHQWO\WKHUHDFWRUGLPHQVLRQV
%RWK UHDFWRUV KDYH WR EH ORQJHU DQG QHHG WR EH UXQ DW D ORZHU VXSHUILFLDO JDV YHORFLW\ LQ RUGHU WR UHDFK WKH:REEH ,QGH[
VSHFLILFDWLRQV7KLVOHDGVWRDKLJKHUQXPEHURIUHDFWRUWXEHVDQGWKXVDODUJHUVKHOOGLDPHWHU'VDQGKLJKHU&$3(;
 
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5. Process integration with a LPP

7KHLQWHJUDWLRQRIWKH3W*SURFHVVWRD/33ZDVRQHRIWKHPDLQREMHFWLYHVRIWKLVZRUN$VDOUHDG\GLVFXVVHGLQWKHLQWURGXFWLRQ
WKHGLVDGYDQWDJHRIKLJK UHJHQHUDWLYHHQHUJ\ FDSDFLW\ LV LWV IOXFWXDWLQJ LQSXW WR WKH HOHFWULFLW\ JULGZKLFK IRUFHVFRQYHQWLRQDO
VXSSOLHUVWRUHGXFHWKHORDGRIWKHLUSRZHUXQLWVRIWHQUHIHUUHGWRDVSHDNORDGVKDYLQJORDGIROORZLQJF\FOLQJRSHUDWLRQ,IWKH
LQSXW RI UHJHQHUDWLYH HQHUJ\ LV KLJK SDUW RI WKH HOHFWULFDO HQHUJ\ SURGXFHG LQ WKH /33 LV XVHG LQ WKH 3W* SURFHVV WKHUHE\
UHGXFLQJWKHRXWSXWWRWKHJULG7KLVFRPELQDWLRQLVDJRRGZD\WRFRYHUWKHIOXFWXDWLRQVIURPUHQHZDEOHHQHUJ\VXSSO\DQGNHHS
WKHORDGRIWKH/33FRQVWDQW$FFRUGLQJWRWKHSURFHVVWKHHGXFWJDVHV&2DQG+DUHVXSSOLHGYLD&2VFUXEELQJDQGZDWHU
HOHFWURO\VLV7KH&2VRXUFHLVIOXHJDVIURPWKH/33(OHFWULFLW\IRUWKHZDWHUHOHFWURO\VLVLVVXSSOLHGIURPWKHSRZHUSODQW$V
WKH6DEDWLHUUHDFWLRQLVDQH[RWKHUPLFSURFHVVKHDWJHQHUDWHGFDQEHUHLQWHJUDWHGWRWKH/33HJLQWRWKHSUHERLOHUIHHGZDWHU
F\FOHDQGWKH&2DEVRUSWLRQXQLWUHERLOHU

$IWHUHDFKUHDFWLRQVWHSWKHUHDUHRQO\VLPSOHFRQGHQVDWLRQVHSDUDWLRQVQHHGHGWRUHPRYHDOOSURGXFHGZDWHU'XULQJWKLVSURFHVV
WKHUHLVDOVRKHDWUHOHDVHGZKLFKFDQEHUHLQWHJUDWHGDVZHOO

,Q)LJXUHDVLPSOLILHGVFKHPHRIVWHDPDQGZDWHUF\FOHVLQD/33DUHVKRZQ3URFHVVFRQGLWLRQVDUHRQO\LQGLFDWHGZLWKLQD
FHUWDLQRSHUDWLRQDOUDQJH7KHFRQQHFWLQJSRLQWWRWKH3W*LVLQGLFDWHGEHKLQGWKHKHDWH[FKDQJHURIWKHH[WHUQDOFRROLQJF\FOH
7KLVSRLQWZDVIRXQGWREHRSWLPDOEHFDXVHWKHUHWKHXWLOLWLHVKDYHWKHORZHVWHQWKDOS\LQWKHSURFHVVRIWKH/33$SRVVLEOHSRLQW
RIUHLQWHJUDWLRQLVbetween “Preheater 2” and “Preboiler feed tank”.
)LJXUH6LPSOLILHGSUHVHQWDWLRQRIVWHDPWKLFNGDVKHGDQGZDWHUVROLGF\FOHVLQD/337KLFNVROLGOLQH/LJQLWHVXSSO\
7KLQGDVKHGOLQH([KDXVWJDV5HGOLQH(OHFWULFLW\3W*UHIHUVWRWKH3W*SURFHVV
+DYLQJ WKLV LQIRUPDWLRQ DQG GHWDLOHG SURFHVV FRQGLWLRQV DW /33 RSHUDWLRQDO ORDG LWZDV SRVVLEOH WRZRUN RXW D GHWDLOHG
SURFHVVVFKHPHRIWKH3W*SURFHVVOLQNHGWRWKH/33,WLVVKRZQLQ)LJXUH2[\JHQH[SDQVLRQ22LQDWXUELQH7&2
FRPSUHVVLRQ&&LQWKUHHFRPSUHVVRUV&3&3DQGPL[LQJZLWKK\GURJHQ+UHVXOWVLQWKHHGXFWVWUHDP*ZKLFKLV
SUHKHDWHGLQDKHDWH[FKDQJHU+(;%HWZHHQHDFKFRPSUHVVLRQVWDJHVWUHDPV&DQG&DUHFRROHGGRZQVXFKWKDWWKHH[LW
WHPSHUDWXUHLQ&DQG&GRHVQRWH[FHHG&*FDQEHSUHKHDWHGWRDQLQOHWWHPSHUDWXUHRI&EHFDXVH5;1RSHUDWHV
DWDQH[LW WHPSHUDWXUHRI&WREHDEOHWRSUHKHDW*ZLWKDPLQLPXPWHPSHUDWXUHGLIIHUHQFHRI&$IWHUWKDWWKHSUH
FRROHGSURGXFWVWUHDPIURP5;1*LVIXUWKHUFRROHGLQRUGHUWRFRQGHQVDWHLQ6(3WKHSURGXFHGZDWHULQ:7KHQWKH
ILQLVKLQJ UHDFWLRQ WDNHVSODFH LQ5;1DIWHUEHLQJSUHKHDWHGDJDLQ LQ+(;7KLV LVDFKLHYHG LQ WKH VDPHZD\DVGHVFULEHG
EHIRUH$IWHUDVHFRQGFRQGHQVDWLRQVWHSZKHUH WKHUHPDLQLQJZDWHU LVVHSDUDWHG WKHSURGXFHG61** LVFRPSUHVVHGLQ
&3WRWKHUHTXLUHGSUHVVXUHRIWKHJDVJULG
&RROLQJZDWHULVVSOLWIURPWKHSUHERLOHUIHHGZDWHUVWUHDPVSOLWLVEHKLQGWKHSUHERLOHUIHHGZDWHUSXPSVHH)LJXUH7KLV
SRLQWZDV FKRVHQEHFDXVH LW LV WKH HDVLHVW DFFHVVLEOHSRLQW LQ D /33DQGGRHVQRW KDYH LQIOXHQFHRQ WKH VWDELOLW\ RI WKHSODQW
RSHUDWLRQ6WUHDPSURSHUWLHVZHUHDYDLODEOHIURPGDWD>@6WDUWLQJZLWKDORZHUSUHVVXUHDVUHTXLUHGWKHFRROLQJZDWHULVILUVW
SUHVVXUL]HGWREDULQRUGHUWRDFKLHYHWKHVWHDPIRUPDWLRQDW&VHH6WR67KLVVWUHDPLVSUHKHDWHGEHJLQQLQJDWORZ
WHPSHUDWXUHV LQ +(; WKHQZLWK LQFUHDVLQJ WHPSHUDWXUHV DV LQWHUPHGLDWH FRROLQJ RI FRPSUHVVHG &2 +(; DQG+(;
%HIRUHVWHDPLVSURGXFHG LQ WKHILUVW UHDFWRU LW LV IXUWKHUSUHKHDWHG IURPWKHSUHFRROHGRXWOHWRI5;1+(;5;1DQG
5;1DUHWKHQFRROHGNHSWDWWHPSHUDWXUHE\VWHDPIRUPDWLRQDW&$IWHUHDFKUHDFWLRQVWHSVWHDPLVVHSDUDWHGLQDVWHDP
GUXP6DQG6UHSUHVHQWWKHWRWDODPRXQWRIVWHDPSURGXFHGLQ5;1DQG5;13UHKHDWHGZDWHUIURP5;1DQG5;1LV
G
Cooling tower (CT)
HEX CFP-CT
Boiler / Combustion
Pre-heater 1Pre-heater 2
Pre-boiler feed tank
Pump CT
Pump 1
Pre-boiler feed water
Pre-heater 3
Exhaust
Coal
M
N
O
P
Electrical grid
Pump 2
Pre-boiler feed water
PtG
Steam condensate
Turbine p1 Turbine p2 Turbine p3
p > 260 bar
T > 530°C
p < 0.1 bar
T < 40°C
p > 1 bar
T < 30°C
p = 8.5 bar
T = 27°C
10 bar < p < 12 bar
140°C < T < 150°C
320 bar < p < 330 bar
170°C < T < 190°C
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VKRZQ LQ6DQG6 UHVSHFWLYHO\ ,QRUGHU WRNQRZ WKHRYHUDOO HQWKDOS\RI WKH VWHDPDQGSUHKHDWHGZDWHU6DQG6DUH
PL[HGWRIRUP60,;


)LJXUH6FKHPHRIGHWDLOHG6DEDWLHUSURFHVVIRUSURFHVVLQWHJUDWLRQLQWRD/33&$3 &2FDSWXUH(/ (OHFWURO\VLV35 3URGXFW
7KHUHFXSHUDWHGHQHUJ\¨+VIURPWKHSURFHVVFDQEHREWDLQHGE\DQDO\]LQJWKHHQWKDOS\FKDQJHRIWKHLQOHW6DQGRXWOHW60,;
VWUHDPVDFFRUGLQJWRHTQDQGLWZDVIRXQGWREH0:WK

s SMIX SH H H'   

2QO\ ORZSUHVVXUHVWHDPaEDUV LV UHTXLUHGIRU WKHDPLQHUHERLOHU LQ WKH&2VFUXEELQJ VHFWLRQ)URPDQHQHUJ\SRLQWRI
YLHZ LW FDQ EH FRQFOXGHG WKDW 6 FRXOG IXOO\ EH XVHG WR VXSSO\ WKH KHDW LQ WKH UHERLOHU EHFDXVH LWV WHPSHUDWXUH OHYHO LV KLJK
HQRXJK.QRZLQJWKHVSHFLILFHQHUJ\FRQVXPSWLRQDQGWKHUHTXLUHGPDVVIORZRI&2WKHHQHUJ\UHTXLUHGIRUWKHDPLQHUHERLOHU
0:WKFDQEHFDOFXODWHG2YHUDOO0:WKRIVXUSOXVHQHUJ\IRUUHLQWHJUDWLRQWRWKH/33ZDVFDOFXODWHG
7DEOH2YHUYLHZRIHQHUJ\IORZVIURPWKH3W*SURFHVVWRWKH/33*LYHQLQ>0:WK@
Energy recuperated Energy amine boiler Surplus energy to LPP 
  

$WWKLVSRLQWRIUHVHDUFKWKHUHLQWHJUDWLRQLQWKH/33ZDVRQO\DQDO\]HGKROLVWLFDOO\,PSRUWDQWLVWKDWDOOFRROLQJZDWHUWDNHQ
IURP WKH SUHERLOHU IHHG ZDWHU PXVW EH UHLQWegrated in front of the “3UHERLOHU IHHG WDQN” E\ UHLQWHJUDWLRQ LQWR WKH VWHDP
FRQGHQVDWHRUDVSUHERLOHUIHHGZDWHU7KLVSRLQWRIUHLQWHJUDWLRQLVLQGLFDWHGE\f,QHDFKFDVHWKHSUHVVXUHOHYHORI6KDVWR
EH DGMXVWHG DFFRUGLQJO\ HQDEOLQJ WKH XVH RI DQRWKHU RSWLRQ WKH XVDJH RI D WXUELQH WR JHQHUDWH WKH UHTXLUHG HOHFWULFLW\ IRU
FRPSUHVVRUV DQG SXPSV 7KLV ODWWHU RSWLRQ ZDV FRQVLGHUHG LQ D VLPLODU SURMHFW IXQGHG E\ WKH )HGHUDO PLQLVWU\ RI UHVHDUFK
*HUPDQ\%0%)>@

%\NQRZLQJ WKH WKHUPDOSRZHU IURP WKHDPRXQWRI61*SURGXFHG 4WK WKH WRWDOSRZHU UHLQWHJUDWHG 4UHLQW DQG WKHRYHUDOO
HOHFWULFHQHUJ\SXWLQWRWKLVSURFHVV4HOLWLVSRVVLEOHWRHVWLPDWHDQRYHUDOOHIILFLHQF\RIWKH3W*SODQWLQFRPELQDWLRQZLWKWKH
/337KHFDOFXODWLRQRIWKHHIILFLHQF\LVJLYHQLQHTQ

LQWth re
PtG
el
Q Q
Q
K  
5HVSHFWLYHQXPEHUVDUHJLYHQLQ7DEOH
 
C2
T1 CP1 CP2HEX1
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CP3HEX2
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SEP 2
CP4
G11
P1
RXN1
HEX3
G3
G4
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SEP 1
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S6
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M
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M
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P
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7DEOH6XPPDU\RIHQHUJ\JRLQJLQDQGRXWRIWKH3W*SURFHVV
In / [MW] 
Qel
Out / [MW] 
Qth | Qre-int | 
(OHFWURO\VLV  61* NJK VHH7DEOH
3URFHVVXQLWV  /+961* 0-NJ 
&2FDSWXUH   
  
7RWDO   

$VDUHVXOWWKHHIILFLHQF\LV7KLVQXPEHULVVOLJKWO\KLJKHUFRPSDUHGWRHIILFLHQFLHVRIDVPHQWLRQHGLQ0OOHUHWDO
>@

7KHHIILFLHQF\IRUWKHUHHOHFWULILFDWLRQRI61*LVJLYHQE\HTQ



Where ȘFKHP!HOLVWKHHIILFLHQF\RIFRQYHUWLQJ61*WRHOHFWULFLW\$VVXPLQJDQefficiency for ȘFKHP!HORIJDVWXUELQHVWDWLRQ
ȘFKHP!HOLVLQWKLVFDVHWREHFRPSDUHGWRDUHIHUHQFHYDOXH0OOHUHWDO>@

6 Technical evaluation of combined PtG with LPP 

$OOQHFHVVDU\DVVXPSWLRQVIRUWKHWHFKQLFDOHYDOXDWLRQDUHJLYHQLQ$SSHQGL[%


6.1 Impact of energy recovery 


,W LVDVVXPHGWKDWWKHDPRXQWRIVXUSOXVHQHUJ\UHLQWHJUDWHGWR/33UHGXFHVWKHWKHUPDOGXW\LQWKHERLOHUZLWKLWVHTXLYDOHQW
DPRXQW)URPWKLVLQIRUPDWLRQLWLVSRVVLEOHWRPDNHDQHVWLPDWHRISRVVLEOHVDYLQJVLQOLJQLWHXVHDQGDVVRFLDWHG&2HPLVVLRQV
$OORI WKHVH ILQGLQJVDUHUHSRUWHG LQ7DEOHDVVXPLQJDQRSHUDWLQJ WLPHRI WKH3W*XQLWRIKSHU\HDU RI WLPHRQ
VWUHDP
7DEOH6DYHGDPRXQWRIOLJQLWHDQG&2IRUUHLQWHJUDWLRQRIVXUSOXVUHFXSHUDWHGHQHUJ\
 Lignite reduction CO2 reduction  
>NJV@>@  
>NW@DWK  

,Q FDVH RI IXOO UHLQWHJUDWLRQ DQG XVDJH RI UHFXSHUDWHG HQHUJ\ IURP WKH PHWKDQDWLRQ SURFHVV WKLV RQO\ OHDGV WR D PDUJLQDO
UHGXFWLRQRIRI OLJQLWHFRQVXPSWLRQIRUWKHSURFHVV1HYHUWKHOHVV WKLVUHGXFWLRQZDV LQFOXGHGLQWKHHFRQRPLFDQDO\VLV
'XHWRWKHIDFWWKDWWKHUHLQWHJUDWLRQZDVRQO\ORRNHGDWKROLVWLFDOO\DVWDWHPHQWDERXWWKHRYHUDOOHIILFLHQF\FKDQJHRIWKH/33
LVQRWSRVVLEOHDWWKLVVWDJH,WLVH[SHFWHGWKDWWKLVQXPEHUZRXOGDOVREHPDUJLQDO


6.2 Impact on flue gas emissions 


%\KDYLQJWKHDERYHPHQWLRQHGGDWDLWZDVSRVVLEOHWRHVWLPDWHWKHDPRXQWRIIOXHJDVQHHGHGIRU&2VFUXEELQJ$QRYHUYLHZ
LVJLYHQLQ7DEOH7KHUHTXLUHGDPRXQWRI&2LVWK,QFDVHRIDQRSHUDWLRQDOORDGRIIRUDQ0:HOEORFN
0:HODUHJHQHUDWHG WKXVHPLWWLQJ W&2K$VD UHVXOWRI WKHHPLWWHG&2 LV UHTXLUHGIRU WKHSURFHVV2YHUDOO
aWKRIIOXHJDVLVUHTXLUHGIRUWKHRSHUDWLRQRIWKH3W*SODQWDVVXPLQJ&2FDSWXUH
7DEOH,QIOXHQFHRQIOXHJDVHPLVVLRQV
Generated CO2 in LPP [t/h] Required CO2 [t/h] Share Required flue gas [t/h] 
   

el el PtG chem elK K K! ! 
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6.3 Dynamics 


$FRPSOHWHVWXG\RIWKHG\QDPLFEHKDYLRXURIWKHRYHUDOOV\VWHPZDVRXWVLGHWKHVFRSHRIWKLVVWXG\%XWVHYHUDODVSHFWVFDQ
DOUHDG\EHGLVFXVVHGQRZ
x (OHFWURO\VLV,QOLWHUDWXUHVWDUWXSWLPHVRIOHVVWKDQPLQXWHVZHUHUHSRUWHG>@
x &2FDSWXUH'\QDPLFRSHUDWLRQRID0($&2FDSWXUHSURFHVV LVDGLIILFXOW LVVXHDOUHDG\ LQYHVWLJDWHGLQ OLWHUDWXUH
6WDUWXSWLPHVGHSHQGLQJRQWKHFDSDFLW\RIWKHSODQWZHUHVLPXODWHGDQGPHDVXUHGWREHEHWZHHQPLQ>@
x 6DEDWLHUUHDFWLRQF\FOLFH[SHULPHQWVZLWKYDU\LQJ&2VXSSO\LQOLWHUDWXUHVKRZUHVSRQVHWLPHVRIPLQXWHVEHWZHHQ
VWDUWXSDQGIXOO&+IRUPDWLRQ>@$VDUHVXOWVWDUWXSRIWKLVXQLWVHHPVSRVVLEOHZLWKLQWKHUDQJHRIPLQXWHV

7KHFXUUHQWVWDUWXSWLPHIRU/33LVKUVDQGWKHUHVSRQVHWLPH31PLQZLWK31WKHQRPLQDOFDSDFLW\,QWKLVFDVHWKH
UHVSRQVHWLPHZRXOGEH0:HOPLQ,QWKLVSDUWLFXODUFDVHWKLVZRXOGPHDQWKDW\RXZRXOGKDYHPLQXWHVWRUHDFKDSHDN
ORDGVKDYLQJRI0:HO$FFRUGLQJWRHJ*HUPDQODZWKHUHTXLUHGSULPDU\UHVSRQVHWLPHLV31PLQ>@7KLVLQIHUVWKDW
WKH3W*SURFHVVFRXOGLPSURYHWKHUHVSRQVHWLPHLQFDVHWKH&2FDSWXUHZRXOGEHUXQQLQJFRQWLQXRXVO\

:KHQDQDO\]LQJ WKHRYHUDOOSURFHVVUHVSRQVHEDVHGRQDQXQLWRSHUDWLRQ OHYHO LWFDQEHFRQFOXGHG WKDW WKH&2FDSWXUH LV WKH
OLPLWLQJSURFHVV7KHUHIRUHGLIIHUHQWVWUDWHJLHVWRRYHUFRPHWKLVSUREOHPQHHGWREHHYDOXDWHGIRULQVWDQFH
x ,QWHUPHGLDWH&2VWRUDJHHJIRURQHKRXURIRSHUDWLRQaW&2
x &RQVWDQWRSHUDWLRQRIWKH&2FDSWXUHXQLW
o ZLWKIOXHJDVORDGÆ&2VWRUDJHRUSXUJH
o ZLWKRXWIOXHJDVORDGÆDGDSWDWLRQRIVROYHQWFRQFHQWUDWLRQLQRUGHUWRUHGXFHHQHUJ\FRQVXPSWLRQ>@

)XUWKHUHYDOXDWLRQZDVRXWVLGHWKHVFRSHRIWKLVVWXG\

7. Basic equipment design and economical evaluation 

7KHEDVLFHTXLSPHQWGHVLJQZDVPDGHDFFRUGLQJWRWKHPHWKRGRORJ\GHVFULEHGLQ6HLGHUHWDO>@WRREWDLQWKHEDVLFGLPHQVLRQV
UHTXLUHG IRU  DQHFRQRPLFDO HYDOXDWLRQ PDVVDQGHQHUJ\ EDODQFHEDVHG5HVXOWVDUHSUHVHQWHG LQ7DEOH$SSHQGL[&$OO
numbers are given in 2012’s CE Plant Cost Indices and US$.

7RWDO SURGXFWLRQ FRVWV 23(; ZHUH REWDLQHG DFFRUGLQJ WR WKH JXLGHOLQHV JLYHQ LQ 7DEOH  $SSHQGL[ & 7KH DQQXDO
SURILWVDYLQJVDUHJLYHQDVWKHGLIIHUHQFHRIWKHWRWDOVDOHVVDYLQJVLQ23(;FRVWVDQGWKHWRWDOSURGXFWLRQFRVWV7ZRFDVHVZHUH
HYDOXDWHGZLWKRXW &DVH ,DQGZLWK&DVH ,, WDNLQJ WKHEHQHILWRI UHGXFHG2	0FRVWV &5('RI WKH/33LQWRDFFRXQW7KLV
UHGXFWLRQLVDFKLHYHGE\WKH3W*SODQWWKDWRYHUWDNHVVXUSOXVRSHUDWLRQDOSHDNORDGVRIWKH/33VXFKWKDWWKH/33FDQUXQRQD
IL[HGORDGDQGGRHVQRWKDYHDGGLWLRQDO2	0WKURXJKORDGIROORZLQJRSHUDWLRQ

+LJKHUPDLQWHQDQFHFRVWVGXHWRF\FOLFRSHUDWLRQVORDGIROORZLQJZLOORFFXUPRUHOLNHO\ZLWKDQLQFUHDVLQJUHQHZDEOHHQHUJ\
VKDUH LQ WKHJULG0DLQWHQDQFHFRVWVPDQLIHVW WKHPVHOYHV LQSDVWDQG IXWXUHPDLQWHQDQFHDQGFDSLWDO UHSODFHPHQWV ,W LQFOXGHV
IDWLJXHDQGFRUURVLRQLQERLOHUWXEHVWXUELQHSDUWVYDOYHV\VWHPVDQGFRPSRQHQWV

3HUFDVHWZRVFHQDULRVZLWKGLIIHUHQWRQVWUHDPWLPHV6FHQDULR$DQG6FHQDULR%KRSHUDWLRQDZHUHLQYHVWLJDWHG
0RVW LPSRUWDQW UHVXOWVDUHSUHVHQWHG LQ7DEOH3URILW6DYLQJ LQFOXGHSRVVLEOH OLJQLWH VDYLQJV WKURXJKKHDW UHLQWHJUDWLRQRI
UHDFWLRQHQWKDOS\VHOOLQJRI61*DWPDUNHWSULFHV86NJ61*>@DQGFRPSHQVDWLRQIRUFDUERQFDSWXUHDQGXVDJH
86W&2DWKDOI WKHSULFH IRU&2FHUWLILFDWHV >@ It is likely to obtain further compensations for the production of “green” 
61*\HWLWLVQRWLQFOXGHGLQWKLVDQDO\VLV
7DEOH6XPPDU\RIUHVXOWVIURPWKHHFRQRPLFDODQDO\VLVIRUGLIIHUHQWRQVWUHDPWLPHV
Case I: Without CRED Case II: With CRED
6FHQDULR$
KD
6FHQDULR%
KD
6FHQDULR$
KD
6FHQDULR%
KD
CAPEX [M$]    
CRED [M$/a]   
OPEX [M$/a]    
Profit/Saving [M$/a]    
ROI [%] (after tax)    
PBP [a] 
Cost price SNG ($/kg) 




 

$IDFWRUPHWKRG*XWKULHZDVDSSOLHGWRHVWLPDWHWKH&$3(;LQWKHUDQJHRI,WFRUUHODWHVWKHEDUHPRGXOHFRVWV&7%0
WRWKHRYHUDOOLQYHVWPHQW7KHDONDOLQHHOHFWURO\VLVLVWKHELJJHVWDVVHWaRI&$3(;7KLVDOVRPHDQVWKDWLWZLOOKDYHD
KXJH LPSDFW RQ WKH HFRQRPLF SHUIRUPDQFH 23(; HVWLPDWLRQ VKRZV WKDW WKH KLJKHVW DVVHWV DUH GHSUHFLDWLRQ a  DQG
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PDLQWHQDQFHFRVWVaVHH7DEOH$SSHQGL[&

,Q&DVH,ZLWKRXW&5('LWLVVKRZQWKDWWKH3W*SURFHVVLVQRWYLDEOHWKHFRVWSULFHRIWKHSURGXFHG61*LVUDQJLQJIURPWR
NJ&RPSDUHGWRWKHEHQFKPDUNIRUQDWXUDOJDVSULFHVEHWZHHQ$OEHUWD&DQDGDDQGDYHUDJH*HUPDQLPSRUW
SULFH NJ61* WKLV UHVXOWV LQ D WLPHVKLJKHU FRVW SULFH >@7KHSURGXFWLRQ FRVWV DUHQRW FRPSHWLWLYH DQGKHQFH DVD
UHVXOWFRPSHQVDtion for a “less” dynamical /33QHHGVWREHLQFOXGHG&DVH,,,WLVDVVXPHGWKDWDIOH[LEOHRSHUDWLRQRIWKH/33
LQFUHDVHV WKH DQQXDO RSHUDWLRQ DQGPDLQWHQDQFH FRVWV%DVLF2	0RI D/33DUH0D 0:HO/33Æ&$3(;
N0:HO2	0RI&$3(; SULFHEDVLV  >@7KH LQFUHDVHRI2	0GXH WR IOH[LEOH/33RSHUDWLRQ LV DVVXPHG WR
DPRXQWRIEDVLF2	0FRVWVZKLFKUHVXOWVLQ&5(' 0DQGNKRQDQKRXUO\EDVLV&DVH,,6FHQDULR$)RUVXFKD
FRQWULEXWLRQWKH3W*SODQWLVFRVWFRPSHWLWLYH$QQXDOSURILWVDYLQJLVa0DWDUHWXUQRILQYHVWPHQWRIDQGDSD\EDFNWLPH
RIa\HDUV ,QFDVHWKHUHDUHDKLJKHUQXPEHURIORDGIROORZLQJKRXUV&DVH,,6FHQDULR%DQGWKHLQFUHDVHG2	0FRVWVSHU
KRXUVWD\VFRQVWDQWDWNKWKH3W*SODQWSD\VRIIHYHQIDVWHU7KLVDVVXPSWLRQVWLOOKDVWREHYHULILHGLQDGLIIHUHQWVWXG\–
GLIIHUHQWDSSURDFKHVDUHDOUHDG\DYDLODEOH>@EXWLWLVQRWIXOO\FRYHUHG\HW)RUVXUH&5('GHSHQGVRQWKHQXPEHURISHDNORDG
VKDYLQJRSHUDWLQJKRXUV

7KXVWKH3W*SODQWUHGXFHVVDYHVWKHVHFRVWVRIWKH/33,WFDQEHVDLGWKDW&5('LVWKHPRVWGHFLVLYHHFRQRPLFDOSDUDPHWHUIRU
SURFHVVYLDELOLW\

$VDUHVXOW LWFDQEHFRQFOXGHGWKDWWKH3W*LQFRPELQDWLRQZLWKWKH /33GRHVQRWJHQHUDWHDSURILW LQLWVHOI&DVH,EXWLVD
PHWKRGWRVHFXUHWKH ORQJWHUPRSHUDELOLW\RIWKH/33&DVH,,DW WKHH[SHQVHRIDFRQWULEXWLRQWRWKH3W*SODQW7KLVPRQH\
ZRXOGRWKHUZLVHEHVSHQWRQDGGLWLRQDO2	0FRVWVGXHWRSHDNORDGVKDYLQJ$WWKLVSRLQWLQ WLPHLW LVGLIILFXOW WRMXGJHKRZ
WKHVH FRVWV ZLOO FKDQJH LQ WKH IXWXUH +RZHYHU ZLWK GHFUHDVLQJ DONDOLQH HOHFWURO\VLV FRVWV VHH 6HQVLWLYLW\ $QDO\VLV DQG DQ
LQFUHDVLQJ VKDUH RI UHQHZDEOH HQHUJLHV LW LV OLNHO\ WKDW WKH 23(; RI WKH 3W* SURFHVV ZLOO EHFRPH ORZHU WKDQ DGGLWLRQDO
PDLQWHQDQFHFRVWVGXHWRSHDNORDGVKDYLQJRSHUDWLRQRIWKH/33

,WKDVWREHVWUHVVHGWKDWWKHPDLQSXUSRVHLVQRWWRVHOO WKHPHWKDQHEXWWRVWRUHWKHHQHUJ\JHQHUDWLQJDQDGGHGYDOXHWRWKH
company’s financials),QFDVHWKH61*LVUHHOHFWULILHGLQDJDVWXUELQHVWDWLRQWKHHOHFWULFLW\UHJDLQHGIURPWKLVZRXOGEHDURXQG
0:HOWDNLQJLQWRDFFRXQWWKHHIILFLHQF\RIUHHOHFWULILFDWLRQ

 Sensitivity analysis

$VHQVLWLYLW\DQDO\VLVZDVSHUIRUPHGLQRUGHUWRLQGLFDWHZKLFKSDUDPHWHUVDUHLPSRUWDQWIRUWKHSURFHVVHFRQRPLFV7KHUHIRUH
WKHIROORZLQJSDUDPHWHUVZHUHYDULHGLQDUDQJHRIIURPWKHEDVHFDVH&DVH,DQG,,6FHQDULR%RSHUDWLQJKRXUV
x &%0RIWKHDONDOLQHHOHFWURO\VLV
x 7RWDO&$3(;
x 3ULFHRIHOHFWULFLW\
x 5HGXFWLRQRI2	0FRVWVIRUIOH[LELOLW\&5(' $GGLWLRQDO2	0FRVWVWKURXJKORDGIROORZLQJRSHUDWLRQ
x 1XPEHURIRSHUDWLQJKRXUV

7KHLQIOXHQFHRQWZRHFRQRPLFLQGLFDWRUVWKH61*FRVWSULFH&DVH,DQGWKHSURILWEHIRUHWD[&DVH,,ZDVDQDO\VHG$VLW
FDQZHOOEHVHHQLQ7DEOHWKDW&5('KDVDVWURQJLQIOXHQFHRQWKHSURILWRIWKH3W*SURFHVVEXWWKH61*SULFHVWD\VWKHVDPH
5HVXOWVIURPWKLVDQDO\VLVDUHVKRZQLQ)LJXUH$VGLVFXVVHGEHIRUHWKH&$3(;RIWKHDONDOLQHHOHFWURO\VLVKDVDELJLQIOXHQFH
RQERWKLQGLFDWRUVWKH61*SULFHDQGWKHSURILW7KLVFDQDOVREHVHHQLQFRPSDULVRQZLWKWKHVHQVLWLYLW\RIWKHWRWDO&$3(;,W
LVZRUWKWRPHQWLRQWKDWDSHUFHQWUHGXFWLRQRIWKH&$3(;RIWKHDONDOLQHHOHFWURO\VLVLVH[SHFWHGWREHUHDOLVHGXQWLO
>@8QIRUWXQDWHO\61*SULFHVDUHQRWFRPSHWLWLYHWRZDUGVFXUUHQWSULFHV(YHQDQLQYHVWPHQWRIOHVVFRPSDUHGWRWKH
EDVHFDVHGHFUHDVHVWKH61*SULFHWRDQXPEHUWKDW LVVWLOOWLPHVKLJKHUWKDQWKHEHQFKPDUN61*SULFH IURPWKH(XURSHDQ
PDUNHW8WLOLWLHVDUHLQVLJQLILFDQWIRUSURFHVVHFRQRPLFVZKHUHWKHGLIIHUHQFHLVRQO\LQWKHUDQJHRINJ61*RUOHVVWKDQ0
SURILW2Q WKH RWKHU KDQG WKH SURILWDELOLW\ RI&DVH ,, VHH )LJXUH  ULJKW LV YHU\ VHQVLWLYH WR WKH UHPXQHUDWLRQ IRU IOH[LELOLW\
&5(',WLVWKHPRVWLPSRUWDQWIDFWRUEHVLGHVEDUHPRGXOHFRVWVRIWKHHOHFWURO\VLVZKLFKLVDOPRVWWKHWRWDOFDSLWDOLQYHVWPHQW
WRLQYHVWLJDWHLQPRUHGHWDLOEHFDXVHWKH3W*SODQWYLDELOLW\KLJKO\GHSHQGVRQWKHVHIDFWRUV

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)LJXUH6HQVLWLYLW\VWXG\IRUGLIIHUHQWSURFHVVSDUDPHWHUVLQIOXHQFLQJSURFHVVHFRQRPLFV
/HIW61*SULFHDVDIXQFWLRQRIDVVHWFRVWYDULDWLRQ&DVH,VFHQDULR%
5LJKW3URILWORVVEHIRUHWD[DVDIXQFWLRQRIDVVHWFRVWYDULDWLRQ&DVH,,VFHQDULR%
$QRWKHULPSRUWDQWSDUDPHWHULVWKHQXPEHURIRSHUDWLQJKRXUVZKLFKKDVDQHTXLYDOHQWLQIOXHQFHRQWKHHFRQRPLFSHUIRUPDQFH
WRWKHH[WHQWRI&5(',IWKHQXPEHURISHDNORDGVKDYLQJRSHUDWLQJKRXUVLQFUHDVHGLQIXWXUHZKLFKYHU\ OLNHO\ZLWKLQFUHDVLQJ
renewable energies in the market), this technology could be a good asset for LPP’s balance sheet.
9. Results and Conclusions

,Q WKLVZRUN LWZDV VWXGLHGZKHWKHU WKH3W*SURFHVV FDQEH XVHG LQ D/33HQYLURQPHQW LQ D SURILWDEOHZD\ WR VWRUH VXUSOXV
UHQHZDEOHHOHFWULFDOHQHUJ\IURPWKHJULGE\FRQYHUWLQJLWWRQDWXUDOJDVWKHUHE\XWLOL]LQJRIWKHFDSDFLW\RIWKH/33KHUH
0:HO IRU K\GURJHQ JHQHUDWLRQ DQG DOORZLQJ WKH /33 WR UXQ ZLWK OHVV FDSDFLW\ IOXFWXDWLRQV RU DQ HYHQ PRUH GHFUHDVHG
PLQLPXP QRPLQDO FDSDFLW\ 9DULRXV SURFHVV FRQILJXUDWLRQV ZHUH HYDOXDWHG LQ D IORZVKHHWLQJ VWXG\ WR LGHQWLI\ WKH RSWLPDO
FRQFHSWXDOSURFHVVDQGUHDFWRUGHVLJQRIWKH3W*SURFHVV,WZDVIRXQGWKDW61*JDVTXDOLW\+FDQEHSURGXFHGLQWZRFRROHG
WXEXODUSDFNHGEHGUHDFWRUVSODFHGLQVHULHVRSHUDWLQJDWS EDUDQGDQLQOHW WHPSHUDWXUHVRI&%\XWLOLW\LQWHJUDWLRQ
EHWZHHQ WKH 3W* DQG /33 SURFHVV V\QHUJHWLF FRPELQDWLRQV DUH SRVVLEOH $ SURFHVV GHVLJQ RI WKH 3W* SODQW ZDV PDGH DQG
UHTXLUHGXWLOLWLHVZHUH LQWHJUDWHGZLWK WKRVHIURPD/33DWFRQGLWLRQVRIPLQLPXPRSHUDWLRQDO ORDG3URGXFHGVWHDPFDQEH
XVHGIRUUXQQLQJWKH0($&2DEVRUSWLRQXQLWDQGVXUSOXVUHFXSHUDWHGHQHUJ\FDQEHUHLQWHJUDWHGWRWKH/337KLVHQKDQFHVWKH
SHUIRUPDQFHRIWKHVWHDPF\FOHDQGOHDGVWRDOLJQLWHDQG&2UHGXFWLRQRIDURXQGRQHSHUFHQW7KHRYHUDOOHIILFLHQF\RIWKH3W*
process was determined (Ș = 53.4ZKLFKLVVOLJKWO\KLJKHUFRPSDUHGWR3W*SURFHVVHVGLVFXVVHGLQOLWHUDWXUH>@

&DSLWDOH[SHQGLWXUH &$3(;ZDVHVWLPDWHGDW0 N:WKUHIHUULQJ WR WKH WKHUPDORXWSXWRI61*DQG WKHPDMRU
FRQWULEXWRU LV WKHDONDOLQHHOHFWURO\VLV a 23(;ZDVHVWLPDWHG LQ WKHUDQJHRI0D UHVXOWLQJ LQDFRVWSULFHIRU
61*EHWZHHQNJ61*ZKLFKH[FHHGVFXUUHQWPDUNHWSULFHV3URILWVVDYLQJVZHUHLGHQWLILHGDVZHOOIRUWKLVSURFHVVHJ
YLD UHGXFWLRQ RI 2	0FRVWV &5(' RI WKH /33 E\ VXEVWLWXWLQJ WKH 3W* SURFHVV IRU SHDNVKDYLQJ RSHUDWLRQ7KLV VDYLQJZDV
HVWLPDWHGDWNKZKLFKFRUUHVSRQGVWRDLQFUHDVHLQ2	0FRVWVRIWKH/33

$QHFRQRPLFDOVHQVLWLYLW\DQDO\VLVLQGLFDWHGWKDWWKHYLDELOLW\LVLQGHSHQGHQWIURPYDULDEOHIDFWRUVLHSULFHRIHOHFWULFLW\EXWLW
VWURQJO\GHSHQGVRQLQWHJUDWLRQEHQHILWVIURPV\QHUJ\ZLWKD/330DLQSDUDPHWHUVDUHUHODWHGWRUHGXFHG2	0FRVWV&5('DQG
&$3(;IRUDONDOLQHHOHFWURO\VLV%DVHGRQWKHFXUUHQWFRVWHVWLPDWHVIRUWKHVHDJUDVVURRW3W*SODQWLQWKLVFRQILJXUDWLRQLVQRW
HFRQRPLFDOO\ YLDEOH EXW&$3(;RI DONDOLQH HOHFWURO\VLV DUH H[SHFWHG WR VXEVWDQWLDOO\ GHFUHDVH LQ IXWXUH7KH DOUHDG\ H[LVWLQJ
GLVWULEXWLRQQHWZRUNDQGWKHODUJHVWRUDJHFDSDFLW\DUHWKHELJJHVWDGYDQWDJHVIRUWKLVWHFKQRORJ\ZKLFKJLYHVWKHWHFKQRORJ\DQ
LPSRUWDQW VWUDWHJLF EDFNJURXQG:LWK WKLV 3W* FDQ SOD\ D NH\ UROH GXULQJ WKH WUDQVLWLRQ WR D  UHQHZDEOH SRZHU VXSSO\
$GGLWLRQDOO\ZKHQFRPELQLQJ3W*ZLWKD/33HFRQRPLFVDUHLPSURYHGE\VXEVWDQWLDOVDYLQJVRQPDLQWHQDQFHEHFDXVHWKH/33
FDQEHRSHUDWHGDWPRUHFRQVWDQWORDG7KLVKHOSVWKH/33WRH[WHQGLWVRSHUDWLRQDOOLIHWLPHDWWKHFRVWRILQYHVWLQJLQWRWKH3W*
XQLW
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Nomenclature 
& &RVWV
&$3 &2FDSWXUH
&3 &RPSUHVVRU
'D 6KHOOGLDPHWHU
+ (QWKDOS\
+(; +HDWH[FKDQJHU
. FRQVWDQW
/33 /LJQLWH3RZHU3ODQW
3 3XPS&DSDFLW\
4 (QHUJ\
5;1 5HDFWRU
6(3 6HSDUDWLRQ
6*9 6XSHUILFLDOJDVYHORFLW\
7 7XUELQH
Ș (IILFLHQF\(IIHFWLYHQHVVIDFWRU
¨TDG $GLDEDWLFWHPSHUDWXUHULVH

Subscripts 
%0 %DUHPRGXOH
FKHPÆHO FKHPLFDOWRHOHFWULFDO
HO (OHFWULFDO
HT (TXLOLEULXP
1 1RPLQDO
1XP 1XPHULFDO
5 5HDFWLRQ
5(' 5HGXFWLRQRIPDLQWHQDQFH
UHLQW 5HLQWHJUDWHG
WK 7KHUPDO

Appendix A. Wobbe Index [33-34] 

$FFRUGLQJWRWKH'9:**HUPDQ7HFKQLFDODQG6FLHQWLILF$VVRFLDWLRQIRU*DVDQG:DWHUJDVQRUPWKHUHDUHWKUHHGLIIHUHQW
JDVIDPLOLHVVHH)LJXUH


)LJXUH'LIIHUHQFHEHWZHHQJDVIDPLOLHVDFFRUGLQJWR'9:*JDVQRUP
:LWKLQDJDVIDPLO\LWLVGLIIHUHQWLDWHGEHWZHHQJDVJURXSVWKDWDUHGLYLGHGE\DUDQJHRI:REEH,QGLFHV7KH:REEH,QGH[LV
JLYHQE\HTQIRUWKHORZHU/+9DVZHOODVWKHKLJKHUKHDWLQJYDOXH++9RIWKHJDVPL[WXUH5HVSHFWLYHKHDWLQJYDOXHV
DUHREWDLQHGIURPHTQ7KHWKLUGJDVIDPLO\OLTXLGJDVHVGLIIHUVIURPWKHILUVWDQGVHFRQGIDPLO\ZKHUHWKHJDVFRQWHQWLV
RQO\FRPSDUHG

Gas families
1st
Hydrogen rich gases
2nd
Methane rich gases (SNG)
3rd
Liquid gases
Propane Propane/
Butane
mixtures
Gas
content
Group L
(Low)
Group H
(High)
Wobbe
Index
Group A
(Town gas)
Group A
(Town gas)
Wobbe
Index
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

,QWKLVFDVHGis the relative density of the gas mixture towards air at normal conditions (0°C, 1 atm) which is set to ȡDLU 
NJP7KHGHQVLW\RIWKHJDVPL[WXUHLVFDOFXODWHGIURPUHVSHFWLYHYROXPHVKDUHRIHDFKJDV



:KHUHQLLVWKHPRODUIUDFWLRQRIHDFKJDVFRPSRXQGZLWKDKHDWLQJYDOXH

,QWKLVZRUNWKHIRFXVLVRQWKHSURGXFWLRQRI61*WKXVVSHFLILFDWLRQVIURPWKHVHFRQGJDVIDPLO\DSSO\WRWKHSURFHVV7DEOH
JLYHVDOOVSHFLILFYDOXHVIRUJDVFODVVLILFDWLRQWR*URXS/DQG*URXS+WKLVLVUHIHUUHGWRDV“Gas quality H” in this work)LQWKLV
IDPLO\,QRUGHUWREHDSSOLFDEOHIRUDVSHFLILFJURXSERWKYDOXHVRI:/+KDYHWREHLQWKHJLYHQUDQJH

7DEOH6SHFLILFYDOXHVIRU61*QGJDVIDPLO\
Description Unit Group L Group H 
Wobbe-Index   
Overall range N:KP  
0-P  
Set point N:KP  
0-P  
Relative density  

)XUWKHUPRUHWKHUHDUHWKUHVKROGVIRUFHUWDLQJDVHVVHH7DEOH$FFRUGLQJWRWKHQRUPWKHJDVSUHVVXUHVKRXOGKLJKHQRXJKWR
EHSUHVVXUL]HGLQWRWKHJDVJULG7KLVVHWSRLQWLVPEDUDERYHJULGSUHVVXUH

7DEOH6XPPDU\RILPSRUWDQWWKUHVKROGVLQ61*
Gas component Threshold 
H2 YRO
O2 YRO
CO YRO
CO2 YRO
Sulfur, overall PJP
H2S PJP

Appendix B. Technical evaluation of the PtG process 
,QRUGHUWRHVWLPDWHWKHLQIOXHQFHLILQWHJUDWLQJD3W*SODQWZLWKD/33IROORZLQJGDWDDQGDVVXPSWLRQVZHUHJLYHQ
x 7KH/33LVILUHGZLWKOLJQLWH$ORZHUKHDWLQJYDOXHRI0-NJ/LJQLWHKDVEHHQUHSRUWHGIRUWKHRSHQFXWPLQLQJUHJLRQ
RI/DXVLW]*HUPDQ\>@
x 6SHFLILF&2HPLVVLRQRID/33OLJQLWHNJ&20:KHO>@
x 2YHUDOOHIILFLHQF\IURPFRPEXVWLRQWRHOHFWULFLW\>@
x 6SHFLILFOLJQLWHFRQVXPSWLRQNJ/LJQLWH0:KHO
x 7KHVXUSOXVHQHUJ\IURP7DEOHFDQIXOO\EHUHLQWHJUDWHGWRWKH/33ZLWKRXWORVVRIHIILFLHQF\
x )OXHJDVFRQWDLQVZW&2
 

mix mix
L H
LHV HHVW
d
 
               mix mix i i iLHV HHV n LHV HHV n LHV HHV n LHV HHV   
 O.S. Buchholz et al. /  Energy Procedia  63 ( 2014 )  7993 – 8009 8007
Appendix C. Basic equipment design and economical evaluation 
7DEOH0DLQUHVXOWVIURPHTXLSPHQWGHVLJQRIDOOPDMRU3W*SURFHVVXQLWV
Process unit Unit’s specific design aspects
Compressors
CP1
CP2
CP3
CP4
7\SHRIFRPSUHVVRU
&HQWULIXJDO
&HQWULIXJDO
&HQWULIXJDO
&HQWULIXJDO

3RZHUUHTXLUHG>N:@




1XPEHURIVWDJHV




Turbine
T1
7\SHRIWXUELQH
&HQWULIXJDO

3RZHUJHQHUDWHG>N:@

1XPEHURIVWDJHV

Pump
P1
7\SHRISXPS
&HQWULIXJDOPXOWLVWDJH

 
Separation
SEP 1
SEP 2
'LDPHWHU>P@



+HLJKW>P@



Heat exchanger
HEX1
HEX2
HEX3
HEX4
HEX5
HEX6
7\SHRIKHDWH[FKDQJHU
6KHOODQGWXEH
Ļ
+HDWH[FKDQJHDUHD>P@








Methanation reactor
RXN1
RXN2 
:DOOWKLFNQHVVWXEH>PP@


:DOOWKLFNQHVVVKHOO>PP@


6KHOOGLDPHWHU>PP@



7DEOH'HWDLOHGRYHUYLHZRIWRWDOSURGXFWLRQFRVWDVVHWV>@
Cost factor Typical factor in SI units 
8WLOLWLHV 6HH7DEOH
Operations 
'LUHFWZDJHVDQGEHQHILWV':	% RSHUDWRUKU
'LUHFWVDODULHVDQGEHQHILWV [':	%
2SHUDWLQJVXSSOLHVDQGVHUYLFHV [':	%
7HFKQLFDODVVLVWDQFHWRPDQXIDFWXULQJ RSHUDWRUD
&RQWUROODERUDWRU\ RSHUDWRUVKLIWD
Maintenance 
:DJHVDQGEHQHILWV0:	% [&7'&
6DODULHVDQGEHQHILWV [0:	%
0DWHULDOVDQGVHUYLFHV [0:	%
0DLQWHQDQFHRYHUKHDG [0:	%
Operating overhead [':	%0:	%
Property insurance and tax [&7'&
Depreciation &7'&\HDUVRIRSHUDWLRQ
&RVWRIPDQXIDFWXUH&20 680$%29(
General expenses 
6HOOLQJRUWUDQVIHUH[SHQVH No break down 
'LUHFWUHVHDUFK
$OORFDWHGUHVHDUFK
$GPLQLVWUDWLYHH[SHQVH
0DQDJHPHQWLQFHQWLYHFRPSHQVDWLRQ
7RWDOJHQHUDOH[SHQVHV*( [&20>@
7RWDOSURGXFWLRQFRVWV *(&20

7DEOH5HTXLUHGSURFHVVXWLOLWLHV$VSHFLILFHOHFWULFLW\SULFHRI860:KHOZDVDVVXPHG>@
Utility Required amount [MWhel] Utility costs per annum [M$] 
Electricity 6FHQDULR$
6FHQDULR%
6FHQDULR$
6FHQDULR%

 
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7DEOH6XPPDUL]HGFRVWIDFWRUVIRUWKHPHWKDQDWLRQSURFHVVSULFHVLQ0IRU6FHQDULR$DQG%&DVH,,ZLWK&5('
Cost factor Scenario A (800 h) Scenario B (1200 h) 
Utilities       
Operations       
Maintenance       
Operating overhead       
Property insurance and tax       
Depreciation       
Raw materials       
COM       
GE       
Total production costs       
Sales/Cost reduction       
Profit (before tax)       
ROI (%)    3.0 11.0 
PBP (years)    7.63   4.66 

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